The N-myc gene was first found in human neuroblastomas, where it is often amplified and expressed at elevated levels (1) (2) (3) (4) (5) . Amplification and enhanced expression of N-myc have also been found in retinoblastomas (3, 6 ) and small-cell lung carcinomas (7) . It was therefore suggested that the abnormal expression of N-myc may play a role in the development or progression of these tumors, a suggestion that has been supported further by the finding that N-myc can cooperate with a mutant version of the protooncogene c-Ha-ras to transform normal embryonic cells in culture (8, 9) . Expression ofN-myc is not limited to human tumors, however: RNA transcribed from the gene has also been found in stem cells derived from mouse teratocarcinomas and in normal mouse embryos between 9.5 and 17.5 days of development (10) .
N-myc was discovered because it shares nucleotide sequences with the previously characterized protooncogene, c-myc. Recently, the L-myc gene was also found because of its similarity to c-myc (11) . Each of these genes (c-myc, N-myc, and L-myc) has been found amplified in the same type of tumor-small-cell lung carcinoma (7, 11, 12) . Moreover, the expression of c-myc and N-myc declines in tumor cells that have been induced to differentiate (13) (14) (15) . Thus, the familial grouping of myc genes not only reflects a structural kinship but also suggests that these kindred genes may have related functions.
The best characterized member of the myc gene family is c-myc. The c-myc gene is expressed in a wide variety of normal cells (16, 17) , and its expression can be affected by various mechanisms in different tumor cells including integration of viral DNA (18) , chromosomal translocation (19) , and gene amplification (20) (21) (22) . The gene encodes a nuclear protein (23, 24) that binds to DNA (25) and that may be a mediator of mitogenic signals within the cell (26, 27) . To explore further the resemblance between N-myc and c-myc, we have determined the nucleotide sequence of human N-myc and of cDNAs derived from mRNA for the gene. Comparisons between the structures of c-myc and N-myc sustain the suspicion that the two genes encode related functions and raise the possibility that expression of the genes may be subject to similar controls of translation.
MATERIALS AND METHODS
Molecular Clones. A molecular clone ofN-myc, pNb-9, was isolated from DNA of the neuroblastoma cell line Kelly (8) . An N-myc cDNA clone was isolated from a Xgt1O cDNA library commercially prepared from the poly(A)+ RNA of Kelly cells (Clontech Laboratories).
DNA Sequencing. DNA restriction fragments, subcloned in M13 vectors (28) , were sequenced by the dideoxy chaintermination technique (29) (31) .
RESULTS AND DISCUSSION
Nucleotide Sequence of N-myc. The human N-myc gene has been isolated as a 16-kilobase-pair (kbp) HindIll fragment from Kelly cells (Fig. 1) (8) . The transcriptional domain ofthe gene was estimated by hybridization of labeled DNA restriction fragments to neuroblastoma RNA immobilized on nitrocellulose filters. The initial characterization placed the 5' end of N-myc in the vicinity of a BamHI site and the 3' end near an EcoRI site, as illustrated in Fig. 1 (8) . Overlapping DNA restriction fragments that span this region were subcloned in M13 vectors and sequenced.
The nucleotide sequence of human N-myc is presented in Fig. 2 (Fig. 2) , a point that is upstream of the second potential TATA box. Therefore, the first TATA box (position 85, Fig. 2 The presence of dual promoters for c-myc serves as precedent for this suggestion (32) . It remains possible, however, that neither of the TATA sequences represents components of a functional promoter. Polyadenylylation of N-myc transcripts most likely occurs near the potential signal (AATA-AA) at position 6535 ( Fig. 2) , as identified previously in the sequence of a partial N-myc cDNA (33) .
The Protein Encoded by N-myc. The probable coding portion of the N-myc gene has been identified and translated into amino acids (Fig. 2) , predicting a protein of 456 amino acids, with a molecular weight of 49,000. The ATG codon indicated as the initiating methionine was assigned because it is followed by a long, open reading frame and conforms well to the consensus sequence established for sites of translational initiation (34) . This codon is the second of three ATG triplets closely spaced and in-frame (positions 1626, 1650, and 1659 in Fig. 2 ). The environment that best resembles the consensus initiation sequence, CCRCCATGG (where R = A or G), surrounds the second ATG. For this reason, the second ATG is assigned here as the initiating methionine. If the first or third ATG initiates translation, the predicted size of the N-myc-encoded protein would differ by +8 or -3 amino acids, respectively.
The predicted reading frame places the initiation of translation in the second exon and leaves a 5' untranslated region of 637 nucleotides. The presence of a very long leader sequence, contributed primarily by a noncoding first exon, is reminiscent of c-myc (35, 36) . Unlike c-myc, the noncoding first exon of N-myc contains three ATG triplets (positions 150, 412, and 548 in Fig. 2 ). However, it appears unlikely that any of these ATGs initiates N-myc protein synthesis, since each is followed by an in-frame termination codon within 300 nucleotides. ATGs are found upstream ofpresumed initiators in about 5% of mRNAs studied to date (37) . In some cases an alternative protein is produced, whereas in others the upstream ATGs are important elements in translational control of gene expression. Until more is known about translation of N-myc, little can be made of the presence of upstream ATGs in this gene. The open reading frame of exons 2 and 3 is terminated by an amber codon (TAG) at position 5647 (Fig. 2) , 456 amino acids from the predicted initiating methionine. This stop codon is followed by two additional in-frame terminators 15 and 19 codons downstream, clearly establishing an end to the long open reading frame. The 3' untranslated segment of 909 nucleotides that follows is substantially longer than the 313 nucleotides found in the 3' untranslated region of c-myc (32, 38) .
The sequence of N-myc presented here differs at a few positions from a partial N-myc sequence previously reported (33) . Most of the differences are in the 3' untranslated region and may represent polymorphisms between the two gene isolates. One difference was found in the 5' end of the third exon. The presence of a G residue at position 5190 in Fig. 2 (absent at position 290 in Fig. 2 of ref. 33 ) alters the interpretation of the sequence data in a notable manner. With this nucleotide in place, a splice-acceptor sequence can be assigned more distally to the stop codon without loss of reading frame. The version of the sequence presented here is more likely to be correct, since the intron-exon boundaries we suggest have been confirmed by analysis of cDNA clones (unpublished data). In addition the splice acceptor designated here (Fig. 2) conforms better to the consensus acceptor sequence (39) than does the splice junction previously reported. Our placement of the splice site contributes an additional block of 15 amino acids common to the proteins encoded by N-myc and c-myc.
Homology Between N-myc and c-myc. The N-myc gene was first isolated by virtue of its homology to c-myc. The relatedness of these genes can now be more fully ascertained by direct comparison of their nucleotide sequences. N-myc and c-myc display many similarities in gene structure in addition to the resemblance between the proteins they encode. Both are G+C-rich (>60%) genes composed of three exons interrupted by two introns. In each gene the first exon is noncoding and contributes to a very long 5' leader sequence-637 nucleotides for N-myc and 563 nucleotides for c-myc (32, 36) . Each of these noncoding first exons contains part or all of dyad symmetries that may be involved in translational control of the gene's expression (see below).
The coding exons of N-myc and c-myc are also quite similar in structure. For N-myc, the second and third exons encode 255 and 201 amino acids, respectively, whereas they encode 252 and 187 amino acids in c-myc (32, 36, 38) . The introns and 3' untranslated regions of the two genes differ in size. This accounts in large part for the difference in sizes that distinguish both the primary and processed transcripts from the two genes.
Comparison of the proteins encoded by N-myc and c-myc showed that the two share many short stretches of identical amino acids. Their relationship is presented schematically in Fig. 3 . This comparison revealed that N-myc and c-myc are closely related over one-third of their coding domains. The common regions are dispersed throughout the two coding exons in segments of 20 amino acids or less. Each segment has at least 70% amino acid identity, with an average of 84%. The proteins encoded by N-myc and c-myc are more similar in their carboxyl-terminal portions than in their aminoterminal regions: the amino acid sequences encoded by the second and third exons share 27% and 39% of their residues, respectively. Overall, 32% of the amino acids encoded by N-myc can be found at corresponding positions in c-myc. However, these two proteins may be more similar than the 32% identity indicates, since many of the amino acid differences are conservative in nature, and the blocks of common sequence are separated by roughly equal numbers of mismatched amino acids.
Do the myc Gene Products Have Related Functions? It is difficult to deduce functional similarities of the N-myc-and c-myc-encoded proteins from structural kinships since so little is known about the function of either gene product. The DNA-binding activity ascribed to the protein encoded by c-myc is thought to reside in the carboxyl-terminal half of the protein (25) Genetics: Stanton et al.
Proc. Natl. Acad. Sci. USA 83 (1986) reasonable to predict that the protein encoded by N-myc will also bind to DNA. Potential for Translational Control of N-myc. The long noncoding first exons of N-myc and c-myc share no significant primary sequence homologies. However, they do have in common regions of sequence that are components of imperfect, inverted repeats (Fig. 2) . In c-myc, one repeat is found in the first exon and its inverted complement is in the second exon, whereas both elements of the repeat are in the first exon of N-myc. A model has been described (40) in which these repeats play a major role in the control of c-myc translation by forming a stable (-90 kcal/mol) stem-and-loop structure in c-myc mRNA. The formation of this structure might render the initiating ATG codon inaccessible to ribosomes and thus prevent translation. The model is supported by in vitro experiments, which have shown that removal of suitable segments from the 5' untranslated region of c-myc mRNA results in more efficient translation (41) .
A stem-loop structure can also serve as the cornerstone in a model for translational control of N-myc expression. Both components of the inverted-repeat unit are found in the first exon of the N-myc gene. A stable stem and loop (-70 kcal/Mol) can be deduced (42) that would reside in the 5' untranslated region of the mRNA. The regions that generate the stem and loop do not contain the putative translational initiation codon. However, translation could be influenced if the formation of this structure interferes with the interactions between the N-myc mRNA and ribosomes.
N-myc and c-myc Are Members of a Gene Family. All available data suggest that c-myc and N-myc represent kindred genes: nucleotide sequences have established that these two genes produce structurally similar proteins; both genes can cooperate with c-Ha-ras(EJ) to transform normal cells in culture (8, 9, 43) ; both have been found amplified in the same type of tumor, small-cell lung carcinoma (7, 12) ; and expression of either gene declines in tumor cells that have been induced to differentiate (13) (14) (15) .
There are, nevertheless, clear distinctions between N-myc and c-myc: they differ by 68% in their amino acid-coding sequences; and they exhibit different patterns of expression in normal cells, c-myc being expressed in a wide variety of cell types (16, 17) , whereas N-myc has only been found to be expressed in embryos and at low levels in adult brain and testes (10) . These findings raise the possibility that members of the myc family have similar biological activities but are uniquely regulated.
